STRUCTURAL EVIDENCE ACROSS several species (e.g., Refs. 14, 15, 18, 19) , including humans (8) , supports the notion that the size of the capillary-to-fiber (C/F) interface is an important determinant of maximal O 2 flux capacity in skeletal muscle (for a review, see Ref. 11) . In this respect, a method of choice to quantify the size of the C/F interface in muscles is to measure it directly, via the estimation of the C/F perimeter ratio (16) , by light microscopy in perfusion-fixed material. However, such measurement cannot be made in histochemically stained biopsies because of the collapse of capillaries (and unreliability of their perimeter measurement by light microscopy) in nonperfusion-fixed tissue. Thus the quotient of individual, fiber-based C/F number ratio and fiber perimeter [C/F perimeter exchange (CFPE) index] was introduced as an alternative to estimate the size of the C/F interface in muscle biopsies (6) . Differences between the methods relate to both methodology and tissue preparation. Unlike the measurement of C/F perimeter ratio (16) , using the C/F number per fiber perimeter (CFPE index) does not account for capillary geometry, i.e., it does not incorporate the differential perimeter of oblique sections of branches and tortuous capillaries vs. vessel cross-perimeters into the estimate of the size of the C/F interface in a muscle transverse section. In addition, the degree of muscle contraction, reflected by sarcomere length, influences both capillary geometry (13) and fiber size (3, 13, 17) . Whereas sarcomere length can be readily measured in longitudinal sections of perfusionfixed material, allowing comparison of capillary geometry and normalization of fiber cross-sectional area among samples (13) , it is rarely measured in muscle biopsies because of technical difficulties (27) . Fiber size is also known to differ between perfusion-fixed and fresh-frozen muscle examined at similar muscle lengths (21) . Last, because different histochemical staining methods are known to yield differences in the number of capillaries visualized (24) , differences in the number of capillaries seen by histochemistry compared with perfusion fixation could also affect results between the two methods.
To evaluate the effect of the above factors, we first compared the two measurements of the size of the C/F interface [i.e., via the C/F perimeter ratio (16) and the quotient of the individual C/F ratio and fiber perimeter, CFPE index (6) ] in the same sections of vascular perfusion-fixed muscle, i.e., where sarcomere length, fiber size, and identification of capillaries are the same in the two methods. We hypothesized that there would be a significant correlation between the two independent estimates of the size of the C/F interface measured in the same sections. Then we compared the estimates of the size of the C/F interface in fresh-frozen muscle (obtained by open biopsy and processed for histochemistry) with those made in perfusion-fixed material using the same method (CFPE index). Because of the confounding differences in fiber size, sarcomere length, and capillary visualization in perfusion-fixed vs. histochemically stained material, we hypothesized that there would be a significant difference in the magnitude of the size of the C/F interface estimated by the CFPE index in the two preparations.
METHODS
Tissue preparation. The animals used in this study were part of a study published previously (7) , where neither measurements of the C/F interface nor histochemical analyses were reported. In compliance with University of Califronia San Diego Animal Subjects Committee approval, nine purpose-bred dogs were used. As described previously (7), the animals were prepared for study of electrically stimulated muscle contractions in the gastrocnemius and superficial digital flexor muscle complex (data not reported here). Briefly, the animals were anesthetized with 30 mg/kg pentobarbital, intubated with a cuffed endotracheal tube, and ventilated with a Harvard 613 ventilator. The left gastrocnemius, superficial digital flexor muscle complex, and accompanying vasculature were then surgically isolated (10) . After the muscle contraction studies, the animals were euthanized with a lethal dose of pentobarbital, and the entire left gastrocnemius-superficial digital flexor muscle complex was perfusion fixed in situ at a nonpulsatile pressure of 80-100 Torr, according to well-established methods (13) . Briefly, the vasculature was first perfused with saline until the venous drainage was clear of blood and then perfused with glutaraldehyde fixative (6.25% glutaraldehyde solution in 0.1 M sodium cacodylate buffer; total osmolarity of 1,100 mosM; pH 7.4). Muscle samples were obtained from the midportion of the midbelly of the left medial gastrocnemius and processed for microscopy (13) . Eight blocks were cut from each muscle into four transverse and four longitudinal 1-m-thick sections using an LKB Ultratome III and stained with a 0.1% toluidine blue aqueous solution. Sarcomere length was measured in each longitudinal section at ϫ1,000 magnification (13) .
The contralateral gastrocnemius-superficial digital flexor complex was sampled in six out of the nine animals by open biopsy. Before perfusion fixation on the left side, the right gastronemius-superficial digital flexor complex was excised, and samples were taken from the midportion of the midbelly of the medial gastrocnemius (i.e., at a similar site as in the perfusion-fixed muscle), mounted on cork blocks in tissue freezing medium (Triangle Biomedical Sciences), and frozen in liquid isopentane cooled to Ϫ140°C in liquid nitrogen. Samples were stored at Ϫ80°C until sectioning. Eight-micrometer-thick transverse sections (one per muscle sample) were cut at Ϫ20°C on a cryostat (Jung-Reichert Cryocut 1800) and kept at Ϫ20°C until histochemical processing (performed within 1 wk of sectioning). The sections were first fixed in a Guth and Samaha fixative (5) and then incubated at 37°C for 1 h in a lead (Pb)-ATPase staining medium to simultaneously stain for fiber types and capillaries in the same sections, according to the methods described by Rosenblatt et al. (25) .
Five-micrometer-thick longitudinal sections were cut at Ϫ20°C and stained with a 0.1% toluidine blue aqueous solution, in which sarcomere length was measured at ϫ1,000 magnification. As noted previously (27) , it is difficult to yield truly longitudinal sections with frozen muscle biopsy material. To facilitate this process, the longitudinal sections were cut from the same muscle blocks used for obtaining transverse sections by bisecting the block through the middle (90°t o the transverse axis) and remounting the sample in tissuefreezing medium for longitudinal section orientation. Even with this approach, portions of longitudinal sections contained obliquely cut material. Thus sarcomere length in a given longitudinal section was obtained from the minimum average distance among 10 consecutive sarcomeres measured only in regions of longitudinally sectioned fibers. An average of 8.6 Ϯ 0.6 groups of 10 consecutive sarcomeres were measured per longitudinal section in five samples.
Morphometry in perfusion-fixed material. Morphometry was performed by a single observer, blinded to the identity of the samples, according to well-established methods (13, 19) . Capillary density was estimated in each of the four transverse sections by point counting with a 100-point eyepiece grid test at a magnification of ϫ400, using the fibers as the reference space (2, 13) . Each section was systematically subsampled to yield as many nonoverlapping frames as possible (200-300 fibers/muscle), with an average of 14 Ϯ 1 (SE) frames measured in each muscle. Fiber cross-sectional area and perimeter, as well as the number of capillaries around a fiber, were measured using an image analyzer (Videometric V150) at ϫ400 on an average of 55 Ϯ 2 fiber profiles per muscle. C/F number ratio was estimated as the product of capillary density and fiber cross-sectional area (18) . C/F perimeter ratio was measured by intersection counting at ϫ1,000 using a 100-point eyepiece grid test in each transverse section (16) . Independent measurements of fiber size (cross-sectional area and perimeter) and capillary number (number of capillaries around a fiber and the individual, fiber-based C/F ratio; Ref. 9) were made using a separate image analysis system (Sigmascan Pro, version 4.0) on an average of 99 Ϯ 7 fibers/muscle. The quotient of the individual C/F ratio and fiber cross-sectional perimeter (CFPE index; Ref. 6) was then calculated.
Morphometry in histochemically stained material. All analyses were performed by a single observer blinded to the identity of the samples. Fiber-type proportion was assessed by point-counting using a 100-point eyepiece grid test at a magnification of ϫ250. Each section was systematically subsampled to yield 20 frames/muscle. Muscle fiber cross-sectional area and perimeter, the number of capillaries around a fiber, and the individual, fiber-based C/F ratio were estimated at a magnification of ϫ250 using an image analyzer (Sigmascan Pro 4.0, SPSS Science), in the same sections used to determine fiber-type proportion. An average of 4 Ϯ 0 fields were examined in each section, yielding 126 Ϯ 6 fiber profiles per muscle. The size of the C/F interface in biopsy material was estimated using the CFPE index (6) . Briefly, this involved first determining the individual (i.e., fiber-based) C/F ratio (9), which is the sum of the fractional contribution of each capillary around a fiber, based on the number of fibers sharing each capillary [i.e., the sharing factor (22)], for all fibers in a given field. The CFPE index was then calculated as the quotient of individual fiber-based C/F ratio and fiber perimeter for each fiber.
Normalization for sarcomere length. To permit comparison of fiber size and estimates of the size of the C/F interface at the same sarcomere length between tissues, fiber size (area and perimeter) in muscle biopsy material was normalized to the sarcomere length measured in the perfusion-fixed samples, based on the inverse relationship between fiber crosssectional area and sarcomere length (13, 17) and between fiber perimeter and the square root of sarcomere length (16) .
Comparison between morphometric estimates of the size of the C/F interface. While it is measured directly by intersection counting (see above), the C/F perimeter ratio can also be expressed mathematically by the following equation
where B B(c,f ) is the C/F perimeter ratio, NN(c,f ) is the C/F number ratio, b (c) is the average capillary perimeter, and b (f ) is the average fiber perimeter. In contrast, the CFPE index is the quotient of the individual C/F number ratio NN(c,f )i and
Thus the mathematical difference between these two estimates of the size of the C/F interface is average capillary sectional perimeter.
Statistics. Values are reported as means Ϯ SE. Differences between the same measurements made by independent methods in the same samples, or by the same method in biopsy vs. perfusion-fixed material, were assessed by paired Student's t-test. Pearson correlation analysis was used to assess the relationship between measurements made independently in the same samples and between measurements made in the left vs. right gastrocnemius muscle. The level of significance was set as ␣ ϭ 0.05. Table 1 shows the results of the comparison of methods in the same sections. We found no difference between estimates of the C/F ratio calculated on a fiber-by-fiber basis (individual C/F ratio, 2.46 Ϯ 0.07) and as the product of capillary density and fiber cross-sectional area (2.39 Ϯ 0.06) in vascular perfusion-fixed samples.
RESULTS

Comparison of methods for estimating C/F ratio.
Comparison of vascular perfusion-fixed muscle and histochemically stained biopsy material. Figure 1 shows micrographs of tissue fixed by vascular perfusion with glutaraldehyde and stained with 0.1% toluidine blue (Fig. 1A) and biopsy material stained with Pb-ATPase staining medium (25) to demonstrate fiber types and capillaries (Fig. 1B) . Note the marked difference in muscle fiber size between the two preparations, with fiber cross-sectional area being 45% less (P Ͻ 0.05) in the vascular perfusion-fixed (1,708 Ϯ 63 m 2 ; Table 2 ) than in biopsy material (3,084 Ϯ 109 m 2 ; Table 3 ). Similarly, fiber perimeter was 23% lower in perfusion-fixed material (179 Ϯ 3 m) than in biopsy material (231 Ϯ 4 m). The greater fiber size in the biopsies was partly due to greater muscle contraction, with sarcomere length being 1.58 Ϯ 0.03 m (n ϭ 5) in biopsy samples compared with 1.87 Ϯ 0.00 m (n ϭ 6) in perfusion-fixed material (P Ͻ 0.05). However, taking this difference into account by normalizing fiber size to 1.9-m sarcomere length did not completely eliminate the differences in fiber size, with a 33 and 15% difference remaining in fiber cross-sectional area (perfusion fixed, 1,682 Ϯ 76 m 2 ; biopsy, 2,486 Ϯ 85 m 2 ) and perimeter (perfusion fixed, 178 Ϯ 3 m; biopsy, 206 Ϯ 3 m), respectively, between the two preparations. As shown in Tables 2 and 3 , no difference was seen in the individual (fiber-based) C/F ratio between perfusionfixed (2.55 Ϯ 0.03) and biopsy material (2.38 Ϯ 0.13). Similarly, there was no difference in the number of capillaries around a fiber between perfusion-fixed (6.3 Ϯ 0.1) and biopsy material (6.1 Ϯ 0.3), demonstrating that the number of capillaries identified was independent of tissue processing. Because of the greater fiber size in biopsies, CFPE index was significantly greater in perfusion-fixed than biopsy material (Tables  2 and 3) .
Correlations between estimates of the size of the C/F interface. There was a significant correlation between the two independent estimates of the size of the C/F interface (C/F perimeter ratio and CFPE index) in the same sections of perfusion-fixed material (r ϭ 0.75, P Ͻ 0.05; Fig. 2 ). Despite this finding, there was no signif- Values are means Ϯ SE; n ϭ 9. NA, not applicable. Capillary-to-fiber ratio was calculated as product of fiber area and capillary density (Videometric) or as the individual, fiber-based capillary-to-fiber ratio (Sigmascan Pro). Capillary-to-fiber perimeter exchange (CFPE) index, quotient of individual capillary-to-fiber ratio and fiber perimeter.
icant relationship between the CFPE index measured in perfusion-fixed vs. biopsy material (r ϭ 0.06, P ϭ 0.91). Accounting for differences in sarcomere length had a small effect on the correlation but did not yield significance (r ϭ 0.27, P ϭ 0.66, n ϭ 5; Fig. 3 ). Similarly, there was no significant relationship between the C/F perimeter ratio measured in perfusion-fixed material and CFPE index in histochemically stained biopsies, with or without normalization for sarcomere length (r Ͻ 0.06, P Ͼ 0.9).
DISCUSSION
Our results show a significant correlation between two independent estimates of the size of the C/F interface, C/F perimeter ratio and CFPE index, when both measurements are made in the same sections of perfusion-fixed muscle. However, when comparison is made of one estimate (CFPE index) between plastic-embedded sections of perfusion-fixed material and frozen sections of biopsies from a similar anatomic site in contralateral limbs, significantly smaller CFPE index values are found in the biopsies, and no correlation is seen between CFPE index estimates in the two preparations. Similarly, there is no correlation between CFPE index measured in biopsies and C/F perimeter ratio in perfusion-fixed tissue. As discussed below, these latter observations reflect the confounding influence of several factors in histochemically stained frozen biopsies vs. perfusion-fixed material, including differences in fiber size, sarcomere length, and muscle sampling between the two tissue preparations.
Comparison of C/F perimeter ratio and CFPE index in the same sections of perfusion-fixed muscle.
A significant correlation was found between the two methods when they were applied to the same sections (r ϭ 0.75, P Ͻ 0.05). The close agreement between the estimates of the C/F number ratio on a fiber-by-fiber basis (the individual C/F ratio; Ref. 9) and those calculated from capillary density and fiber cross-sectional area (18) shows that differences in the approach used to quantify C/F number ratio did not adversely affect our comparison. In addition, there was a similar degree of intramuscle sample variability using each method. Specifically, the average coefficient of variation between frames was 28 Ϯ 1 and 25 Ϯ 1% for CFPE index and C/F perimeter ratio, respectively, yielding relative standard errors of 3-5% for both estimates in each muscle. Therefore, as expected, because the difference between CFPE index and C/F perimeter ratio is in capillary perimeter (not measured in CFPE index; see METHODS), calculating C/F perimeter ratio from the product of capillary perimeter (24.4 Ϯ 0.7 m; range: 21.9-28.1 m) and CFPE index reveals no difference with measured C/F perimeter ratio (0.33 Ϯ 0.01 measured vs. 0.34 Ϯ 0.02 calculated; P Ͼ 0.05) and improves the correlation between the two measurements (r ϭ 0.95, P Ͻ 0.01). In other words, when made in the same muscle samples, the two independent estimates of the size of the C/F interface correspond closely and differ primarily in proportion to capillary perimeter. As this comparison demonstrates, a major advantage of the C/F perimeter ratio is that, by incorporating capillary perimeter, it accounts for capillary geometry (i.e., the degree of capillary tortuosity and branching), because more tortuous and branched capillaries have a greater probability of being sectioned obliquely and, therefore, yield larger perimeters in muscle transverse sections (16) . Accounting for capillary perimeter be- Table 2 ).
comes of further importance when the size of the C/F interface is compared across species or muscles that may differ in capillary geometry (e.g., bat flight muscle vs. bat and rat hindlimb muscles; Ref. 19 ) at a given sarcomere length. In this type of comparison, differences in capillary perimeter (because of the differences in capillary geometry among muscles and/or species) would result in the CFPE index systematically underestimating the difference in size of the C/F interface between the muscles compared with that detected via the C/F perimeter ratio.
Comparison between perfusion-fixed and histochemically stained material. In contrast to the significant relationship between the two independent estimates of the size of the C/F interface in the same sections of perfusion-fixed material, we found significantly smaller values in biopsies and no significant correlation when the same estimate (CFPE index) was compared in perfusion-fixed and biopsy material at the same sarcomere length. In accounting for these results, several significant differences were found when the same measurements were made in perfusion-fixed and biopsy material. Perhaps the most striking difference was that fiber cross-sectional area was 45% less and fiber perimeter 23% less in perfusion-fixed tissue than in frozen muscle biopsies. Because fiber size is inversely related to sarcomere length (13, 17) , it is important to account for sarcomere length in each tissue (frozen muscle biopsies, 1.58 Ϯ 0.03 m; perfusion-fixed samples, 1.87 Ϯ 0.00 m) when fiber cross-sectional area and perimeter are compared in the two preparations. However, normalizing fiber size to sarcomere length did not eliminate the difference in fiber size, with a 33% difference in fiber cross-sectional area and 15% in fiber perimeter remaining between the tissues. This difference is the same as reported previously in perfusion-fixed rat soleus muscle vs. contralateral muscle stretched to the same muscle length and frozen for histochemistry (21) . In this latter study, approximately one-third of the difference in fiber cross-sectional area between perfusion-fixed and histochemically stained material was attributed to fiber swelling during thawing of frozen muscle sections on glass slides. Specifically, sections not fixed before thawing on the glass slides before histochemical staining were 10% larger than those fixed with formalin vapor before thawing (21) . Identifying the reason(s) for the remaining difference in fiber size between perfusion-fixed muscle tissue and frozen biopsies, such as specific shrinkage during fixation and tissue processing, is beyond the scope of this investigation. The main point to be made here is that a portion of the difference in fiber size between histochemically stained sections of frozen biopsies and plastic-embedded sections of perfusion-fixed material can be attributed to the expected greater degree of muscle contraction in the biopsies than in muscle perfusion fixed in situ, as was the case in this study. However, significant differences in fiber size between the two preparations remain after accounting for differences in sarcomere length; i.e., all other things being equal, estimates of the size of the C/F interface will be larger in perfusion-fixed than biopsy material because of the smaller fiber size in fixed than frozen material. Indeed, this is precisely what we see in the present investigation when we compare the CFPE index between perfusion-fixed and histochemically stained material. Specifically, the quotient of the C/F ratio and fiber perimeter was 22% smaller in biopsy than perfusion-fixed muscle (11.11 vs. 14.28 capillaries per 1,000-m fiber perimeter) at the same sarcomere length.
Importantly, there was no difference in the estimates of capillary number between perfusion-fixed and histochemically stained biopsy material. This was true regardless of whether the number of capillaries around a fiber or the individual (fiber-based) C/F ratio were compared. It shows that this particular histochemical assay, which uses fixation of the thawed sections in formalin fixative followed by incubation in a Pb-ATPase Fig. 2 . Plot of the quotient of the individual capillary-to-fiber (C/F) ratio and fiber perimeter [C/F perimeter exchange (CFPE) index] vs. the C/F perimeter ratio estimated in the same perfusion-fixed sections. Fig. 3 . Plot of the quotient of the individual, fiber-based C/F ratio and fiber perimeter (CFPE index) in sections of perfusion-fixed vs. histochemically stained biopsy material at the same sarcomere length. There is no significant relationship (r ϭ 0.27, P ϭ 0.66). medium to simultaneously reveal fiber types and capillaries in a single section (25) , allows identification of the same number of capillaries as in perfusion-fixed tissue, where presumably all capillaries are visible and easily identified. However, despite the similarity in average numbers of capillaries identified and similar intramuscle variability in capillary counts in biopsies (between-frame coefficient of variation, 12 Ϯ 4%) and perfusion-fixed material (between-block coefficient of variation, 12 Ϯ 2%), there was no correlation between estimates of the individual C/F ratio in the two preparations (r ϭ 0.05, P ϭ 0.93). This lack of correlation certainly contributes to our results, as discussed below.
Sources of variability in comparing histochemically stained to perfusion-fixed material from contralateral muscles. Despite the differences in fiber size, one might still expect a correlation in the CFPE index between perfusion-fixed and biopsy material, if reduction in fiber size due to tissue preparation systematically affected samples from one of the two hindlimbs of the same animals. However, the expected correlation between measurements of fiber cross-sectional area normalized to sarcomere length in each tissue was not significant (r ϭ 0.60, P ϭ 0.29, n ϭ 5). This observation is similar to that reported previously in a comparison of biopsies taken from the left and right vastus lateralis in human subjects (12) . Specifically, in biopsies sampled from similar sites in the left and right legs, there was up to a 25% difference in fiber size (12) and no correlation between fiber-size estimates between contralateral vastus lateralis muscles. This random variation between contralateral limbs likely contributes to the lack of correlation that we observed between estimates of fiber size and capillary counts and thus obscures correlation between CFPE index estimates in perfusion-fixed vs. histochemically stained tissue. Note that, although the poor correlation between CFPE index estimates in perfusion-fixed vs. histochemically stained material appears strongly influenced by one data point that could be considered an outlier (Fig. 3) , there is no statistical or scientific basis for excluding this data point. Also, the lack of correlation observed between fiber size and capillary counts between contralateral muscles suggests that the lack of correlation in CFPE index estimates is not an artifact.
In addition to variation between contralateral limbs, it is also possible that the regions of the gastrocnemius muscle that were sampled were not rigorously identical between the two hindlimbs, i.e., that regional heterogeneity within the gastrocnemius is contributing to obscure relationships in fiber size and capillarization between opposing limbs, even if group averages in C/F numbers did not differ between the two sides. Two observations support this interpretation. First, there was a greater intermuscle variation in capillary counts in the biopsies (coefficient of variation for the individual C/F ratio, 13%) than in perfusion-fixed muscles (3%), despite the similar intramuscle variation noted above. Second, there was no correlation in fiber size (r ϭ 0.40, P ϭ 0.43, n ϭ 6; R. T. Hepple, unpublished results) seen between samples taken from the superficial vs. deep midportion of the medial gastrocnemius in the same animals used in this study. The small variation in C/F number between muscles, coupled with the above considerations, precludes further assessment of the potential relationship between our measurements of the size of the C/F interface in perfusion-fixed and biopsy material. Thus a valuable future investigation would be to compare estimates in muscles representing a broader range of fiber capillarization. Given the high degree of capillarization seen in the canine gastrocnemius muscle (present results and Ref. 20 ) and other canine hindlimb muscles (20, 26) , inclusion of less oxidative muscles, such as plantaris (1, 23) and the white region of gastrocnemius (1, 4) in rat, would be appropriate. Nonetheless, the present results underscore some of the significant differences that exist between perfusion-fixed and histochemically stained muscle and how they can influence estimates of the size of the C/F interface.
In summary, the present results show that the two methods available to assess the size of the C/F interface in perfusion-fixed muscle (C/F perimeter ratio) and histochemically stained biopsy material (CFPE index) are significantly correlated and only differ in proportion to capillary perimeter (not measured in CFPE index) when they are applied to the same sections of perfusion-fixed muscle. However, smaller CFPE index estimates are found in biopsy than in perfusion-fixed material, with no significant correlation between CFPE index values normalized to a common sarcomere length in the two preparations. Similarly, there is no significant correlation between CFPE index and C/F perimeter ratio measured in biopsy and perfusion-fixed tissue, respectively. The smaller CFPE index estimates in biopsies is due to greater fiber cross-sectional area in histochemically stained thawed sections than in perfusion-fixed sections of muscle, even after accounting for differences in sarcomere length between tissue preparations. Furthermore, the lack of correlation between estimates of the size of the C/F interface in the two preparations relates to the confounding influence of random variability between contralateral muscles and potential sampling differences between contralateral limbs.
